Summary: Gonadotrophin hormone releasing hormone (GnRH) is the primary messenger involved in sexual maturation and the onset of puberty. The activity of these neurons are controlled by several neurotransmitters systems. The onset of puberty implies changes from a prepubertal type of gonadotrophin secretion, characterized by a low activity of GnRH neurons, to an adult pattern of secretion with phasic and synchronous activation of GnRH neurons resulting in an increase in the amplitute and frequency of GnRH pulses. Neurotransmitter systems are involved in these changes of GnRH secretion during the onset of puberty by quantitative and qualitative modifications in the effect on GnRH secretion. Serotonin (5-HT), GABA and catecholamines (CA) have qualitative differences in the effects on GnRH and LH secretion in early prepubertal than in late prepubertal and adult female rats. The administration of 5-hidroxytryptophan a precursor of serotonin (5-HT) which increases 5-HT hypothalamic levels induces GnRH and LH release in early prepubertal female rats, these effects dissapear in late prepubertal stage having an inhibitory action in adult female rats. GABAergic system also stimulates GnRH and LH secretion in early prepubertal female rats and has an inhibitory action on this axis in late prepubertal period and in adult female rats. On the contrary the inhibition of catecholamines synthesis by a-methyl-p-tyrosine induced an increase of LH secretion in early prepubertal female rats and inhibitory effect in late prepubertal and adult stage. These effects indicate tha CA has an inhibitory effects on GnRH-LH secretion in early prepubertal female rats changing to an stimulatory action in the late puberty and adult rats. These qualitative modifications were observed only in female rats and are probably connected with the hypothalamic differentiation into a female type of gonadotrophin control. ± Opiadergic and excitatory amino acid systems have quantitative differences on GnRH-LH secretion during prepubertal and peripubertal and adult stages. Opiates has an high inhibitory tone in early prepubertal rats that is decreasing during sexual maturation to reach puberty. On the contrary EAA increases its stimulatory activity on GnRH-LH secretion during sexual maturation by increasing the hypothalamic release of aspartate and glutamate, the excitatory amino acids involved in GnRH release, and the sensiti-bitity of NMDA receptors to these amino acids. In conclusion sexual maturation and the onset of puberty in the female rats involve qualitative and quantitative modifications in the effects of neurotrasmitters system on GnRH secretion.
Introduction
There is clear evidence that gonadotrophin hormone releasing hormone (GnRH) is the primary messenger involved in the activation of pituitary gonadotrophins during sexual maturation and the onset of puberty. GnRH neurons that are abundant in the medial preoptic area and in the periventricular nucleous are in communication with catecholaminergic, serotoninergic, GABAergic, opiodergic, excitatory amino acid etc. neurotransmitter systems which regulate their activity (Kordon et al., 1994) . The cell bodies of these systems are either located in the hypothalamus (GABAergic, dopaminergic, histaminergic opiadergic) , in the proximity of peptidergic cells producing GnRH or outside the hypothalamus (serotoninergic and noradrenergic neurons). The majority of the experiments to study the effects of neurotransmitters and gonadotrophin release have been performed in pro-oestrus or adult ovariectomized rats. In these 2 animal models it was clearly demonstrated that all of the above mentioned neurotransmitters are involved in controlling gonadotrophin release Jarry et al., 1995; Wuttke et al., 1992) .
For many years considerable efforts have been devoted to the study of the mechanisms responsible for the onset of puberty. There is general agreement that increases in the activity of hypothalamic GnRH neurones initiate the onset of puberty (Ojeda and Urbansky, 1994) . This increased activity reflects primarily in the ocurrence of the GnRH pulses.
The onset of puberty implies the change from a prepubertal type of gonadotrophin secretion, characterized by a low activity of GnRH neurones, to an adult pattern of gonadotrophin secretion, with phasic and synchronous activation of GnRH neurons re-sulting in GnRH pulses. During the course of prepubertal life sexual differences in the control of gonadotrophin secretion develop. In the female rat sexual maturation and the onset of puberty go along with the development of a positive effect of ovarian hormones on gonadotrophin secretion that is directly related to the ovulatory process. This mechanism matures at about 25±30 days of age and is apparently controlled by hypothalamic neurotransmitters (Caligaris et al., 1972; Scacchi and Moguilevsky, 1973; Faigon et al., 1987) . In the male immature rats such positive feedback mechanism does not develop due to pre-and perinatal androgenization of the hypothalamus (Neumann et al., 1970) .
It has been demostrated that lesions or stimulations of hypothalamic areas can advance or delay puberty (Advis and Ramirez, 1997; Ruf et al., 1974) indicating that these structures are involved in this change of activity of GnRH neurons. Since the activity of neurons in these structures is controlled by neurotransmitters and neuromodulators (Kordon et al., 1994) it is clear that these substances participate in the changes of activity of GnRH neurons from prepubertal to adult rats.
The low prepubertal activity of GnRH neurons is believe to be due to an inhibitory restraint exerted by the CNS which suggested a high tone of the inhibitory neurotrasmitters which control GnRH neurons (GABA, opiates, etc. for instance). The changes in the secretion of gonadotrophins that characterize the adult pattern of secretion, after the onset of puberty, is considered to be the consequence of an increase of excitatory neurotransmitter input and a decrease of the inhibitory tone of hypothalamic neurotransmitters on GnRH neurons (Ojeda and Urbansky, 1994) .
Nevertheless, experimental evidence obtained over the last 15 years in our laboratory has demonstrated, in prepubertal rats, that in spite of the quantitative changes in the activity of inhibitory and excitatory neurotransmitter systems during sexual development, some of the neurotransmitter systems have qualitatively different effects during the early prepubertal in comparison to the adult stage. This change in effects precedes the onset of puberty by some days and this will be briefly reviewed.
Effect of the serotoninergic system
The administration of 5-hydroxytryptophan (5-HTP), an immediate precursor of serotonin, to early prepubertal (16, 18 days of age), late prepubertal (25 to 30 days old) and adult female rats (35±40 days of age) induced a significant increase in the hypothalamic content of serotonin, as well as a dramatic enhancement of serum LH levels in prepubertal female rats. While at 16 days of age the increase was about 2000% at 18 days this was reduced to 1000% and at 20 days to around 30%. This stimulatory effect disappears in rats between 26 to 30 days of age. In adult rats of 35±40 days of age, 5-HTP inhibited LH plasma levels (Moguilevsky et al., 1985a; Moguilevsky et al., 1985b; Moguilevsky et al., 1995a) .
There are sexual differences in the effect of 5-HTP on LH release since no release effects were observed in male rats of similar ages to the female rats studied (Moguilevsky et al., 1985a; Moguilevsky et al., 1985b) . These differences obviously reflect a sexual differentiation of the hypothalamus into a ªfemale or male typeº and may explain sex differences in hypothalamic control of gonadotrophin secretion. This notion is supported by the observation that neonatally-androgenized female rats, with a male type of gonadotrophin secretion showed a similiar response of LH to 5-HTP as male rats. On the other hand, neonatally castrated males which develop a female type of gonadotrophin control mechanisms showed a LH response to 5-HTP similar to that observed in normal prepubertal female rats .
The stimulatory effect of 5-HTP on LH secretion in prepubertal female rats is exerted at the hypothalamic level since the perifusion of hypothalamic areas with 5-HTP increased GnRH release when taken from 16 day old rats but not from 30 day old animals; at this age, 5-HTP has an inhibitory effect on GnRH release Arias et al., 1992) .
From these studies it can be concluded that serotonin stimulates GnRH-LH secretion in early prepubertal female rats until the late prepubertal or peripubertal period (around 26 days of age) (Fig. 1) .
The stimulatory effect of the 5-HTP is not observed in early and late prepubertal male rats and this fact indicates important sexual differences in the hypothalamic control of gonadotrophin secretion by the serotoninergic system, related to the sexual differentiation of hypothalamic control of gonadotrophin. Fig. 1 Effects of neurotransmitters on GnRH during sexual maturation. Catecholamines, GABA, and serotonin have qualitative changes. Endogenous opioid system (EOS) and excitatory amino acid (EAA) increase in adult rats its inhibitory and stimulatory prepubertal activity respectively
Effect of catecholamines
Noradrenegic innervation of the hypothalamus is extrinsic, as demonstrated by a dramatic decline of noradrenaline content following surgical isolation of the medial basal hypothalamus (Weiner et al., 1972; Brownstein et el., 1976) . In ovariectomized animals frequent large-amplitude LH pulses are observed. Several different experimental approaches have shown that pulses of LH secretion are driven by pulsatile release of GnRH. Inhibition of noradrenergic activity by inhibiting NE synthesis, blockade of (adrenergic receptors or destruction of the ventral noradrenergic bundle with 6-hydroxydopamine, results in supression of LH release in ovariectomized rats (Gnodde and Schuiling, 1976; Weick, 1978; Hancke et al., 1977) . It does not appear that dopaminergic neurones are involved in pulsatile LH release in ovariectomized rats since blockade of DA receptors by specific antagonists has no effect (Drouva and Gallo, 1976; Drouva and Gallo, 1977; Gnodde and Shuiling, 1976) .
The administration of a-methyl-p-tyrosine (MPT), that induces an inhibition of brain catecholamine synthesis, inhibits the ovulatory surge of LH (Kalra and McCann, 1974; Clifton and Sawyer, 1979) , and induces a significant decrease in LH levels in adult castrated female rats . Clearly catecholamines and specifically noradrenergic and adrenergic neurons are involved in ovulatory LH release.
In early prepubertal female rats the effect of a-MPT was opposite to that found in late prepubertal and adult rats. The administration of a-MPT to 14 and 16-day-old prepubertal female rats induced a significant increase in LH levels. In 30-day-old late prepubertal rats a-MPT has a similar effect to that observed in adult castrated rats i.e. inhibition of LH secretion; nevertheless the inhibition was significantly lower than that observed in adult rats .
From these results it is clear that catecholamines, probably noradrenaline, stimulate LH secretion in adult rats, while having an inhibitory effect on this pituitary hormone in early prepubertal rats (Fig. 1) . The change from stimulatory to inhibitory effect takes place during late prepubertal stage and it is probable that this change is associated with the neuroendocrine mechanisms involved in female puberty.
Interesting findings have been repoted by Lacau et al. (1987) who demonstrated that the dopaminergic system plays an important role in the imhibitory control of LH in prepubertal female rats but not in males, and that this sexual difference depends on early differentiation of the brain Effect of g-aminobutyric acid (GABA) High levels of GABA and the rate-limiting enzyme for its synthesis, glutamate decarboxilase, are found in the hypothalamus. The rich GABAergic innervation of the hypothalamus is consistent with data showing that GABA is involved in the neural regulation of gonadotrophins and prolactin secretion (Tapaz et al., 1977; Lamberts et al., 1984; Fuchs et al., 1984) .
In adult rats the GABA or the GABA-A and GABA-B receptor agonists, muscimol and baclofen respectively, inhibit the pulsatile release of LH and the surge of this hormone in ovariectomized EP primed rats. The administration of aminooxyacetic acid (AOAA), a blocker of GABA degradation, also inibited pulsatile LH in ovariectomized rats and estrogen-progesterone(EP) administration induced LH surge (Donoso and Bazan, 1984; Tapaz et al., 1977) . Also in line with an inhibitory effect of GABA on LH release is the observation that release of GABA in the preoptic area measured by push-pull perfusion is inversely correlated with circulating LH levels (Lamberts et al., 1984; Fuchs et al., 1984; Demling et al., 1985; Jarry et al., 1992; Jarry et al., 1995) . These data in adult female rats clearly demonstrate that GABA has an inhibitory effect on gonadotrophin secretion.
In contrast to these studies in adult rats several experiments performed in early prepubertal female rats have shown that GABA has a stimulatory effect on gonadotrophin secretion. This is substantiated by the following findings (Moguilevsky et al., 1991) : 1) AOAA, which increases GABA content in the hypothalamus increased LH in early prepubertal female rats of 12, 16 and 18 days of age without modifying the levels of this pituitary gonadotrophin in late prepubertal rats female rats; in rats older than 30 days of age AOAA decreases LH levels. 2) The administration of muscimol, a GABA agonist, stimulated LH secretion in early prepubertal rats but had an inhibitory effect in late prepubertal rats (30 days old). 3) Biccuculine, a GABA receptor antagonist, decreased LH levels in early prepubertal rats but increased them in older rats. All of these effects were seen only in female rats since neither AOAA nor muscimol or biccuculine modified LH secretion in prepubertal male rats. Moreover, neonatally androgenized female rats that will develop a ªmale typeº of hypothalamic control mechanism of gonadotrophin secretion showed a similarly lacking effect of GABA on LH as observed in control male rats, while neonatally castrated male rats, with a ªfemaleº pattern of gonadotrophin control responded like early prepubertal female rats (Moguilevsky at al., 1991; Szwarcfarb et al., 1994) .
These experiments demonstrated different effects of GABA on gonatrophin secretion in early prepu-bertal as compared to late prepubertal and adult female rats (Fig. 1) . It is also clear at least during the prepubertal stage, that the hypothalamic control of gonadotrophin secretion by this and other neurotransmitter systems have sexual difererences probably related to the different mechanisms involved in the onset of puberty in both sexes.
Effect of endogenous opiates
Morphine and opioid peptides inhibit the surge of LH in adult female rats and in general inhibit gonadotrophin release in many species (Bruni et al., 1977; Barraclough and Sawyer, 1955; Gilbeau et al., 1985) . Opiate antagonists among which naloxone has been used most extensively are able to elevate plasma levels of LH in many species including humans (Bruni et al., 1977; Barraclough and Sawyer, 1955; Morley et al., 1984) . Hence, the endogenous opiate system act as tonic inhibitor of the GnRH-gonadotrophin axis.
Studies performed in early and late prepubertal female rats demonstrated that the stimulatory effect of naloxone on LH secretion during the prepubertal period is high in younger rats and decreases until the peripubertal period . Moreover, naloxone advances the development of the positive feedback effect in prepubertal rats. These data indicate that the endogenous opiate system has an inhibitory tone on LH secretion which decreases during the prepubertal period until the onset of puberty (Fig. 1) . The high inhibitory tone of opiates during prepubertal period is probably related to the low levels of gonadotrophins during this period of sexual maturation and also appears to inhibit the development of the positive feedback of ovarian hormones on gonadotrophin secretion. This mechanism developes after day 25 of age when the inhibitory tone of opiates significantly decreases. Hence, the progressive decrease of the inhibitory opiodergic tone during the prepubertal stage appears to be connected with the development of the neuroendocrine mechanism that takes place in late prepubertal rats and during the onset of puberty.
Effects of histamine
The role of histamine in the physiological regulation of LH secretion is still unclear and contradictory results have been reported. In prepubertal rats the administration of cimetidine, ranitidine or diphenhydramine H-2 and H-1 receptor blocking agents did not modify LH levels. Nevertheless these drugs increased in the female rats the LH release response to ovarian steroids administration. These results appear to indicate that histamine in prepubertal rats has a regulatory effect on the of the positive feedback mechanism after its maturation (Moguilevsky et al., 1989) .
Effects of excitatory amino acids (EAA)
Identification of numerous neuronal responses to excitatory amino acids and characterization of several receptor subtypes in the CNS have raised new interest in this category of transmitters which comprises mainly glutamate and aspartate. In several brain systems they are endowed with auto-or paracrine actions (Brann and Mahesh, 1992) .
Glutamate has been shown to stimulate LH secretion in rats, mice and monkeys. Most authors agree that the NMDA receptor is the major glutamate receptor subtype involved in this effect. Agonists of the quisqualate receptor have also been reported to induce a trasient LH response. The relevance of glutamate for gonadotrophin control may be related to its capacity to amplify firing of GnRH neurones and consequently participate in the synchronization of episodic release of peptide (Monaghan and Cotman, 1989; Schainker and Cicero, 1980; Tal et al., 1983; Gay and Plant, 1987; Bourguignon et al., 1989; Medhamurthy et al., 1990; Abbud and Smith, 1991; Donoso et al., 1990; Brann and Mahesh, 1992) .
It is therefore not surprising that excitatory amino acids appear to play an important role in the different neuroendocrine processes involved in sexual maturation and in the onset of puberty (Plant et al., 1989; Medhamurthy et al., 1990; Carbone et al., 1992; Carbone et al., 1995; Carbone et al., 1996) .
There is increasing evidence that EAA participate in the enhancement of gonadotrophin release at the time of the onset of puberty as well as in the maturation of the EP-releasing effect of gonadotrophin secretion. The experimental evidence in this respect is: (1) The anterior and medial basal hypothalamic areas (APOA-MBH) of early prepubertal female rats have significantly lower concentrations of glutamate and aspartate, the EAA involved in GnRH-gonadotrophin release, compared to late prepubertal rats. On the other hand the release of both amino acids by APOA-MBH is significantly higher during the peripubertal stage as compared with early prepubertal animals (Otero Losada et al., 1993; Moguilevsky et al., 1995a; Moguilevsky et al., 1995b) .
(2) GnRH release in response to EAA receptor agonists increases during sexual maturation and this response is significantly higher in late prepubertal and adult rats than in early prepubertal animals. The administration of EP significantly potentiated this response in late prepubertal and adult rats (Arias et al., 1993) but not in early prepubertal rats, indicating that sexual maturation involves the devel-opment of a mechanism of potentiation of EAA effects by ovarian hormones.
The positive feedback effects of sexual hormones on gonadotrophin mature during the prepubertal stage in female rats. In rats younger than 20±22 days of age estrogen-progesterone inhibits gonadotrophin release while in rats older than 25 days EP induces LH and FSH release (Caligaris et al., 1971; Caligaris et al., 1972; Scacchi and Moguilevsky, 1973; Moguilevsky et al., 1989; Faigon et al., 1987) . Experimental data appears to clarify some of the neuroendocrine processes involved in the maturation as well as the participation of EAA in this mechanism. The principal findings in this respect are: a) Pretreatment with EP in early prepubertal rats decreases the APOA-MBH release of EAA as well as serum LH and FSH levels. b) In late prepubertal rats the hypothalamic release of EAA is stimulated by EP as well as the plasma levels of LH and FSH.
Based on these observations, it has been postulated that the inhibitory effect of EP on hypothalamic release of EAA is involved in the negative feed back effect of ovarian steroids on gonadotrophin secretion that takes place in prepubertal rats until 20±22 days of age. On the other hand, it is probable that the change from an inhibitory to a stimulatory effect of ovarian hormones on hypothalamic release of EAA after 25 days of age are connected with the gonadotrophin release induced by ovarian hormones in peripubertal and adult female rats (Moguilevsky et al., 1995a; Moguilevsky et al., 1995b) . (3) Hypothalamic EAA neurotransmission has an auto positive feedback mechanism of control by which EAA release acting on NMDA receptors stimulates further release of EAA which in turn further increase gonadotrophin secretion. For instance, in peripubertal rats of 30 days of age the activation of NMDA receptors of EAA by NMDA agonists increases the hypothalamic levels and release of glutamate and aspartate, indicating the existence of a tonic (positive) influence exerted by NMDA receptors on EAA release (Otero Losada et al., 1993; Moguilevsky et al., 1995a; Moguilevsky et al., 1995b ). This mechanism of control which would induce additional stimulation of GnRH neurones does not operate in prepubertal rats. It has been suggested that the acquisition or maturation of this mechanism of feedback in the anterior preoptic and medial basal hypothalamic areas might be related to the development of the positive feedback of gonadal steroids eliciting the preovulatory release of gonadotrophins. (4) Ovarian hormones potentiate in peripubertal rats the positive mechanisms by which EAA stimulate their own release at hypothalamic levels and also potentiate the stimulatory effect of EAA on GnRH release and gonadotrophin secretion (Carbone et al., 1992; Moguilevsky et al., 1995a; Moguilevsky et al., 1995b) . It is therefore likely that the increases in ovarian hormonal secretion that take place during the peripubertal period are related to the GnRH and gonadotrophin release increases during the onset of puberty in rats.
In summary the hypothalamic concentration and release of EAA increase throughout the prepubertal period reaching significantly higher values during the late or peripubertal period, the sensitivity of hypothalamic receptors to these EAA also increasing, inducing higher levels of GnRH release in the peripubertal period. Taking into account the increases of the other ovarian hormones in peripubertal rats, it is probable that this is one of the neuroendocrine mechanisms involved in the activation of the gonadal axis during sexual development. On other hand EP also potentiate the positive mechanism of EAA neurotransmission by which EAA receptor stimulation induces additional release of these amino acids. These could be additional mechanisms implicated in the increase of the amplitude and frequency of GnRH pulses that characterize the onset of puberty and the ovulatory process.
We have previously described in prepubertal female rats that GABAergic and serotoninergic neurotransmitter systems also stimulate the hypothalamic secretion of GnRH, increasing plasma levels of gonadotrophins. The experimental evidence in this respect indicates that the stimulatory effects of these systems of neurotransmission are connected with the activation of EAA release (Scacchi et al., 1998; Feleder et al., 1996) .
In conclusion sexual maturation and the onset of puberty in the female rats involve qualitative (seroninergic, chatecolaminergic and GABAergic systems) and quantitative (endogenous opiate, excitatory amino acids and histamine systems) modifications in the effects of neurotrasmitters system on GnRH secretion.
